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Scalar fields in the minimal supersymmetric standard model may have large field values during
inflation. Because of approximate global symmetry, it is plausible that the phase directions of them
are nearly massless during inflation and obtain quantum fluctuations, which may be the origin of the
cosmic perturbations. If perturbations are produced through Q-ball formation, baryon asymmetry
and dark matter can be consistently generated. Significant baryon and dark matter isocurvature
perturbations are produced, but they are predicted to nearly compensate each other. The lepton
asymmetry is much larger than the baryon asymmetry. The scenario predicts local non-Gaussianity
of fNL = 5/3. Implication to the mass spectrum of supersymmetric particles is discussed.
Introduction.– The universe starts from small fluctua-
tions which have grown and collapsed to form galaxies
by the gravitational force. The origin of the fluctua-
tions is an elementary question in cosmology and par-
ticle physics. The observations of the fluctuations of
the large scale structure and the cosmic microwave wave
background (CMB) have revealed that the fluctuations
are nearly Gaussian and scale-invariant [1, 2], which are
most naturally explained by quantum fluctuations of a
nearly massless scalar field generated during inflation [3–
7]. Almost nothing is known about the scalar field. It
may be the inflaton itself or another scalar field (e.g.,
a curvaton [8–10]), may be as heavy as 1013 GeV or in
principle as light as 10−24 GeV.
In this Letter, we investigate the possibility that scalar
fields in the minimal supersymmetric standard model
(MSSM) are responsible for the fluctuations. The MSSM
is one of the best-motivated extensions of the standard
model. It achieves successful precise gauge coupling uni-
fication [11–16], provides a dark matter candidate as the
lightest supersymmetric particle (LSP) [17–19], and can
explain the electroweak scale much smaller than the unifi-
cation scale ∼ 1016 GeV [17, 20–22]. In the MSSM, there
exist many combinations of scalar fields whose potentials
vanish at the renormalizable level and supersymmetric
limit, which are called flat directions. It is natural to ask
if the cosmic perturbations originate from quantum fluc-
tuations of one of those flat directions [23–28], and seek
experimental signatures of such a scenario.
With supersymmetry broken during inflation, the flat
directions in general obtain soft mass squared terms
called Hubble induced masses. Suppose a flat direction
φ obtains a nagative Hubble-induced mass squared and
hence a large field value during inflation [29, 30]. The
flat direction is stabilized by a higher dimensional term
in the super-potential W = λφn. The potential of φ is
V ∼ −H2|φ|2 + λ2|φ|2n−2, (1)
so that the field value of φ during inflation is φinf ∼
(Hinf/λ)
1/(n−2), where Hinf is the Hubble scale during
inflation. The radial direction has a mass as large as
the Hubble scale and its quantum fluctuations are sup-
pressed. A special case of nearly vanishing Hubble in-
duced masses is discussed in [23–26]. Up to this point
the scalar potential of φ possesses an U(1) symmetry
(which is an R symmetry). It is conceivable that even if
other possible higher dimensional operators are included,
the U(1) symmetry is approximately maintained, like the
baryon and lepton symmetry. The phase direction of φ,
which we denote as θ, is then almost massless and obtains
quantum fluctuations δθ ∼ Hinf/(2piφinf) during infla-
tion. We investigate if the fluctuations of the phase di-
rection alone can explain the cosmic perturbations. This
scenario is examined in [27] neglecting important dissipa-
tion effects explained below, while [28] predicts too large
non-Gaussianity.
After inflation, the inflaton, which is different from φ,
begins oscillation. We assume that the sign of the Hubble
induced mass squared of φ remains negative. The field
value of φ tracks the minimum, φ ∼ (H/λ)1/(n−2) [29–
31]. When the Hubble scale drops below the soft mass of
φ given by the supersymmetry breaking at the vacuum,
mφ, the flat direction begins oscillation around the ori-
gin. At this point, the irreducible explicit U(1) symmetry
breaking from the gravitino mass m3/2,
∆V ∼ m3/2λφn + h.c., (2)
which gives a non-zero potential energy of θ, is no more
negligible. The fluctuation of θ, together with its poten-
tial, gives rise to the fluctuation of the energy density
and hence may sources the cosmic perturbations [27, 28].
This seems challenging for a MSSM flat direction, since
it has O(1) gauge couplings. As is shown in [32], such a
field is rapidly dissipated into thermal plasma and never
dominates the universe. If the curvature perturbation of
the universe originates from fluctuations of a subdomi-
nant component, the fluctuations must be large and the
resultant perturbation is highly non-Gaussian [33], which
is incompatible with the observations [2].
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2The rapid dissipation is due to a passage of the field
near the origin, which is avoided if φ circulates by a kick
from large enough ∆V . The circular motion corresponds
to global charge asymmetry of φ. It is temping to identify
the charge asymmetry with baryon asymmetry [29, 30],
but too large baryon asymmetry is produced if φ dom-
inates the universe. Moreover, since the energy of the
phase direction is comparable to or smaller than that of
the radial direction, too large baryon isocurvature per-
turbation is produced [33].
These problems are evaded if Q-balls form. For some
flat directions, the potential of the radial direction is
shallower than a quadratic one. Then as φ oscillates,
it develops instability and non-topological solitons called
Q-balls [34] are formed [34–38], into which the energy
of the phase direction is converted. The dissipation rate
of Q-balls is limited by the Pauli-blocking near the sur-
face of Q-balls [39]. Q-balls are more long-lived than the
radial direction and can dominate the universe. If the
Q-balls have vanishing baryon charges but non-zero lep-
ton charges, appropriate amount of baryon asymmetry
is generated from partial decay of the Q-balls before the
electroweak phase transition and the sphaleron effect [40].
In the following we describe the detail of the scenario
as well as its cosmological and astrophysical signatures.
Curvature perturbation from Q-balls– When φ begins
oscillation, the explicit breaking in ∆V induces angular
motion of φ and produces asymmetry of the global charge
of φ [41],
nφ ∼ mφφ2osc,  ≡ θosc
m3/2
mφ
. (3)
The field value of θ is defined so that θ = 0 is the min-
imum of the potential ∆V . The subscript “osc” repre-
sents the value at the beginning of the oscillation. Since
θ fluctuates, the charge asymmetry also fluctuates. The
asymmetry is approximately conserved afterward since
∆V becomes negligible as the amplitude of the oscilla-
tion of the radial direction decreases due to the cosmic
expansion. Once the Q-balls are formed, most of the
asymmetry is stored in them. As we will see,  is re-
quired not to be much below unity. This is naturally the
case if the potential of φ around the field value φosc is
dominantly given by gravity mediation,
V (φ) = m2φ|φ|2
(
1 +Kln
|φ|2
m2pl
)
, (4)
where K is negative and mφ ∼ m3/2. The logarithmic
term comes from the renormalization running of the soft
mass. |K| = O(0.1-0.01) if soft masses are of the same
order, while can be as small as 10−4 if gaugino masses are
much smaller than scalar masses at a high energy scale.
The following computation is also applicable to gauge
mediation as long as the potential energy is dominated
by gravity mediated one around φ = φosc. The parameter
mφ may be below the electroweak scale.
The number density of the Q-balls is determined by
the instability scale ∼ |K|−1/2m−1φ , almost independent
of θosc [42], and does not fluctuate. The charge Q and the
mass mQ of individual Q-balls (averaged in each Hubble
patch) fluctuate as they depend on θosc via  [35, 42–44],
Q ' 0.02
( |K|
0.1
)1/2(
φosc
mφ
)2
, mQ ' mφQ, (5)
where we assume  & 0.01. We comment on the case
with smaller  as well as a subtle issue for  ∼ 1 later.
This leads to the fluctuations of the energy density ρQ
and the decay rate ΓQ of the Q-balls,
ρQ(a) ' m2φφ2osc
(aosc
a
)3
, ΓQ ' g
R2m3φ
24piQ
(∝ −1), (6)
where R ∼ 7/√|K|mφ is the typical size of the Q-balls
and g (∼ 100) is the number of degrees of freedom that
couples to the Q-balls [39, 45]. The decay rate of Q-balls
is suppressed by the Pauli-blocking effect, guaranteeing
the long-lifetime of Q-balls.
At the time of the production, the Q-balls are sub-
dominant component of the universe. Since the Q-balls
are long-lived, they eventually dominate the energy den-
sity of the universe and then decay into standard model
particles at a temperature
Tdec '
(
10
pi2g∗(Tdec)
)1/4√
ΓQmpl (7)
' 3.6 GeV
( mφ
10 TeV
)1/2(1.3× 1024
Q
)1/2
∝ −1/2,
where g∗ is the effective number of relativistic particles
and we take |K| = 0.01. The decay rate and the energy
density of the Q-balls are modulated by the fluctuation
of  (or θosc), which sources the curvature perturbation
of the universe.
We compute the magnitude of the curvature pertur-
bation by the δN formalism [46–48] with the following
history. After inflation and reheating complete, 1) the
field φ begins oscillation. Soon after that, the instability
occurs and Q-balls form. 2) Since the energy density of
the Q-balls decreases slower than that of radiation, the
Q-balls eventually dominate the universe and 3) decay af-
terward at a temperature Tdec. 4) The universe reaches
a reference temperature Tf . It is also possible that φ
begins oscillation before the completion of the reheating,
but the property of the produced curvature perturbation
remains the same.
We parametrize the energy density of the Q-balls at
the beginning of the oscillation as ρ, and the decay rate
of them as Γ/. Numbers of e-foldings between the stages
1)-4) are
N12 ' ln
m2φm
2
pl
ρ
, N23 ' 1
3
ln
ρ
Γ2m2pl/
2
, N34 ' 1
4
ln
Γ2m2pl/
2
T 4f
.
(8)
3The total number of e-foldings is then
Ntot = −1
2
ln+ const. (9)
To the first order in δ, the curvature perturbation pro-
duced by the Q-balls is
ζ = δN = −1
2
δ

. (10)
The parameter  is proportional to the field value of θ.
The observed curvature perturbation Pζ ' 3×10−10 [49]
requires that
Hinf ' 1× 1013 GeV φinf
1017 GeV
. (11)
The contribution to the curvature perturbation through
the modulation of the decay rate of the Q-balls is simi-
lar to the modulated reheating scenario [50, 51]. There
is no spectator field in our scenario. The decay rate is
modulated by the property of the Q-balls themselves.
The spectral index is given by [46, 52]
ns = 1− 2inf + 2ηθ, (12)
where inf is the first slow-roll parameter of inflation and
ηθ (= m
2
θ/H
2
inf) is determined by the mass of the phase
direction mθ. The red-tilted spectrum ns = 0.96 − 0.98
requires inf = O(10
−2) or m2θ = −O(10−2)H2inf . The
former requires large field inflation [53], while the lat-
ter requires explicit breaking of the approximate U(1)
symmetry. In fact, if φinf is close to the cut off scale, we
expect that some higher dimensional terms in the Kahler-
potential or super-potential are not negligible and give θ
a mass not much below the Hubble scale.
The local non-Gaussianity is parametrized by fNL de-
fined by
ζ = ζg +
3
5
fNLζ
2
g , (13)
where ζg is a Gaussian perturbation. In our model,
fNL =
5
3
, (14)
which may be detected by future observations of galaxy
distributions [54, 55] or 21cm lines [56].
If  . 0.01, Q-balls and anti-Q-balls of the almost same
charges and energy densities are produced, invalidating
Eq. (5) [42, 43, 57]. The fluctuation of θ only perturbs the
charges and number densities of the subdominant compo-
nent of the Q-balls, producing too large non-Gaussianity.
(The threshold value of  for the formation of anti-Q-balls
may depend on |K|, but the precise determination of the
value requires a detailed numerical simulation of Q-ball
formation and is beyond the scope of this Letter.)
We have implicitly assumed that the dynamics of the
radial direction is independent of , which is the case for
 < 1. We expect that the dynamics is affected for  ∼ 1
as the potential energy of the phase direction is compa-
rable to that of the radial direction. For example, the
beginning of oscillation as well as the size of Q-balls may
depend on , giving O() corrections to above formulae.
For simplicity we assume  is not close to unity, and leave
the investigation of  ∼ 1 for future works.
Baryon asymmetry.– If the Q-balls do not have baryon
nor lepton charges, or have a vanishing B−L charge and
decay before the electroweak phase transition, they do
not produce baryon asymmetry. Baryon asymmetry can
be produced after the Q-balls decay at a low tempera-
ture. Possible scenarios include the electroweak baryoge-
nesis [58, 59] and the baryogenesis from neutrino oscil-
lation [60]. No baryon isocurvature perturbation is pro-
duced in these cases.
The minimal and more interesting possibility is that
the Q-balls produce baryon asymmetry. If all amount
of asymmetries in the Q-balls are released into baryons
or quarks via the decay of the Q-balls, too much
baryon asymmetry is produced. We instead consider
Q-balls with vanishing baryon charges but non-zero lep-
ton charges qL (i.e. L-balls), which decay after the elec-
troweak phase transition. Then only leptons emitted
from the Q-balls before the electroweak phase transition
are converted into baryons by the sphaleron process [40].
Assuming that the thermal bath is dominated by par-
ticles produced by the Q-balls rather than the inflaton
produced ones, the amount of the baryon asymmetry nb
normalized by the entropy density s is
nb
s
' 28
79
|qL| QΓQnQ(t)t
4ρQ(t)/3Tdec
∣∣∣∣
T=TEW
' |qL| 140g∗(Tdec)
79g∗(TEW)
T 5dec
mφT 4EW
' 9× 10−11 |qL|
(
Tdec
3.6GeV
)5
10 TeV
mφ
, (15)
where TEW (' 174 GeV) is the electroweak phase tran-
sition temperature. The result explains the observed one
if Tdec is around a few GeV.
The modulated decay temperature Tdec ∝ −1/2 pro-
duces the baryon isocurvature perturbation,
SB = −5
2
δ

= 5ζ, (16)
which is correlated with the curvature perturbation. This
seems to be excluded by the CMB observations. How-
ever, as we will see, the dark matter isocurvature per-
turbation naturally compensates the baryon isocurvature
perturbation.
The compensation relies on the specific dependence of
the baryon asymmetry on Tdec, which is altered if the
inflaton-originated particles dominate the thermal bath
of standard model particles at the electroweak phase
transition (for which we find SB = 4ζ.) To avoid it, the
Q-balls must dominate the universe early enough, which
requires large φosc. To maintain Tdec ∼ few GeV, mφ
4must be large enough,
mφ & 10 TeV
( |K|
0.01
)5/13(
100
g
)10/39
, (17)
where we use Eqs. (6,15). Such a large scalar soft mass
is consistent with the observed Higgs mass [61–63]. The
bound is relaxed if the inflaton dominantly decays into
particles which decouple from standard model particles.
Still, the universe must be Q-ball dominated when the
temperature of the standard model bath produced from
the Q-balls is around the electroweak scale, requiring
mφ & 300 GeV
( |K|
0.01
)5/11(
100
g
)10/33
. (18)
Dark matter.– If dark matter abundance is established
after the Q-balls decay, the dark matter isocurvature per-
turbation is absent. This should be the case if baryon
asymmetry is also produced after the Q-balls decay. We
instead consider the production of the LSP dark matter
by the decay of the Q-balls. The temperature at which
the Q-balls decay is around the GeV scale, which is well
after the freeze-out of the LSP, or that of the Next-to-
LSP (NLSP) if the gravitino is the LSP. The LSP is hence
produced non-thermally.
Suppose the LSP is produced by the decay of the Q-
balls, and the annihilation of them afterward is negligi-
ble. This is the case if the Bino is the LSP or the grav-
itino is the LSP and the NLSP quickly decays into the
gravitino. The dark matter abundance is proportional to
Tdec, producing a dark matter isocurvature perturbation
SDM = −(δ/)/2 = ζ. Together with the baryon isocur-
vature perturbation, this scenario predicts too large a
matter isocurvature perturbation and is excluded by the
CMB observations.
If the LSP is electroweak charged (i.e. Wino or
Higgsino-like), or is the gravitino but the NLSP does not
decay into the gravitino quickly and is standard model
gauge charged (any superpartners but a Bino-like one),
the annihilation of the (N)LSP just after the production
diminishes the dark matter abundance,
ρDM
s
' mLSP H〈σv〉 s
∣∣∣∣
T=Tdec
(19)
'0.4 eV3 GeV
Tdec
mLSP
0.7 TeV
(m(N)LSP
0.7 TeV
)2 0.01/m2(N)LSP
〈σv〉 .
If the LSP is not the gravitino, the LSP should have
a mass below TeV. In gravity mediation, if the LSP is
the gravitino, the NSLP is not much heavier than the
gravitino and the NLSP decays during the Big-Bang Nu-
cleosynthesis. Such case is excluded unless the sneutrino
is the LSP [64]. In both cases, the resultant dark matter
isocurvature perturbation is
SDM =
1
2
δ

= −ζ, (20)
which is −1/5 of SB .
Compensated isocurvature perturbations.– As dark
matter is nearly five times more abundant than baryons,
the matter isocurvature
Sm =
ΩDM
Ωm
SDM +
ΩB
Ωm
SB (21)
nearly vanishes according to Eqs. (16,20). That is, the
isocurvature perturbations are compensated with each
other and are less-constrained by CMB observations [65].
In our model the compensation is a natural consequence
of the dependence of the baryon asymmetry and the dark
matter abundance on Tdec, while the compensation in the
literatures [65, 66] requires tuning of model parameters.
The upper bound PSm < 0.001Pζ [49] is satisfied for
4.8 < ΩDM/ΩB < 5.2, which is consistent with the
measurement of the abundances by the Planck satel-
lite [2] within the 2σ level. Future observations can de-
termine the ratio ΩDM/ΩB with an absolute uncertainty
of 0.02 [67], and probe PSm/Pζ as small as 0.0002 [68].
The scenario can be tested by the future observations
unless 4.9 < ΩDM/ΩB < 5.1.
The prediction is altered if there exists another sub-
dominant component of dark matter. A well-motivated
example is the QCD axion [69–72] which solves the strong
CP problem [73]. If the oscillation of the axion begins at
T > Tdec, the axion dark matter abundance depends on
a positive power of Tdec. This produces a dark matter
isocurvature perturbation correlated with the curvature
perturbation and reduces the matter isocurvature pertur-
bation. Although the matter isocurvature perturbation
is no longer uniquely predicted, one may check the con-
sistency of the scenario once the decay constant and the
abundance of the QCD axion are measured.
Lepton assymetry.– The lepton asymmetry is large and
negative,
nLi
s
' −|qLi |
3Tdec
4mφ
' −3× 10−4|qLi |
Tdec
3.6GeV
10 TeV
mφ
,
(22)
where i is the generation index and qLi is the ith gen-
eration lepton number of the Q-balls. Assuming that
the asymmetry is equally distributed among three gener-
ations by neutrino oscillation [74–76], the upper bound
|nLi/s| . 0.01 [77] requires mφ & 100 GeV.
If mφ is O(100) GeV, the large negative lepton asym-
metry increases the abundance of anti-electron neutri-
nos and hence the neutron-proton ratio, leading to larger
Helium abundance produced by the Big-Bang Nucleosyn-
thesis. Since the recombination is more effective, more
baryon asymmetry is required to fit the CMB spectrum,
helping the compensation. It will be interesting to check
if future observations can probe this scenario. Note that
mφ = O(100) GeV violates the bound (18) and requires
that the inflaton decays into a hidden sector.
The lepton asymmetry increases the effective number
5of neutrinos Neff [78],
∆Neff =
3698pi2
105
∑
i
(nLi
s
)2
. (23)
Taking into account the above mentioned upper bound,
∆Neff  1. If a particular combination of Li is produced,
however, |Le|  |Lµ,τ | and ∆Neff may be large [79]. For
Tdec/mφ = 0.1, ∆Neff ' 0.5, which is favored to amelio-
rate so-called the H0 tension [80, 81].
Summary and Discussion.– We have investigated the
possibility that the curvature perturbation of the uni-
verse arises from the fluctuation of the phase direction of
a flat direction in the MSSM. The curvature perturba-
tion is given by the fluctuation of the energy density and
the decay rate of Q-balls formed from the flat direction.
Baryon asymmetry can be produced by the decay of
the Q-balls. The LSP abundance must be determined
by the efficient annihilation of supersymmetric particles
just after they are emitted from the Q-balls. Assuming
that the gravitino is not the LSP, the LSP must have
a mass below TeV and Wino- or Higgsino-like. Signals
from the annihilation of the LSP in galaxies are expected;
see [82, 83] for recent discussions on future prospects.
Our scenario has the following beyond-ΛCDM param-
eters; 1) local non-Gaussianity fNL = 5/3 and 2) baryon
and dark matter isocurvature perturbations nearly com-
pensating with each other. If the inflaton dominantly
decays into a hidden sector, 3) lepton asymmetry and 4)
effective number of neutrinos can be sizable.
Our analytical estimations assume the parameter  not
close to 1. Corrections as  approaches 1 can change
the predictions by O(1) factors. Full investigation of the
scenario will require numerical computations.
We assume that only L-balls are formed. One may
naively expect that in SU(5) unified theories, when a flat
direction to form L-balls has a large field value, SU(5)
partners of the flat direction also have large field values
to form B-balls. This is not necessarily the case. For ex-
ample, we may consider the d¯1L1Q2 flat direction, where
the subscripts are generation indices. The SU(5) part-
ners L1L1e¯2 and d¯1d¯1u¯2 identically vanish. We may also
use the LHu direction if the lightest neutrino is nearly
massless. The SU(5) partner of the direction involves a
heavy colored Higgs and cannot be excited. Other pos-
sibilities include embedding of quarks and leptons to dif-
ferent multiplets of SU(5), or orbifold GUTs [84, 85].
The scenario gives several interesting predictions. Con-
firmation of the predictions will suggest that supersym-
metry plays more significant roles than expected: In ad-
dition to precise gauge coupling unification and the small
electroweak scale, supersymmetry may further provide
the seed of the large scale structure, baryon asymmetry
and dark matter, which are essential ingredients of the
origin of the present universe.
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